Studies of the primary structures of polysaccharides of growing plant cell walls have shown that these structures are far more complex than was anticipated just a few years ago. This complexity can best be appreciated by considering xyloglucan, a hemicellulose present in the cell wall of both monocots and dicots, and rhamnogalacturonan II (RG-II) and rhamnogalacturonan I (RG-I), two structurally unrelated pectic polysaccharides. This realization led us to postulate that cell wall polysaccharides have functions beyond determining the size, shape and strength of plants. Some years ago we demonstrated that oligosaccharide fragments of a branched /3-linked glucan of fungal cell walls can elicit the production of phytoalexins (antibiotics) in plants by inducing the formation of the enzymes responsible for synthesis of the phytoalexins. It has now been ascertained and confirmed by synthesis that the elicitor activity resides in a very specific hepta-/3-D-glucoside. The heptaglucoside has been shown to elicit phytoalexins by activating the expression of specific genes, that is, by causing the synthesis of the mRNAs that encode the enzymes that synthesize phytoalexins. In other words, complex carbohydrates can be regulatory molecules. Further experi ments established that oligosaccharide fragments of polysaccharides, produced by acid or base hydrolysis or by enzymolysis of primary cell walls of plants, also evoked defence responses in plants. Subsequently, we learned that defined fragments of polysaccharides, released from covalent attach ment within plant cell walls, can function as regulators of various physiological processes such as morphogenesis, rate of cell growth and time of flowering and rooting, in addition to activating mechanisms for resisting potential pathogens. Examples of plant oligosaccharides with regulatory properties (called oligosaccharins) will be described.
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IN TROD UCTION
Molecules of extraordinarily complex structure are present in the walls that sur round growing plant cells, the so-called primary cell walls. These structurally com plex molecules are the polysaccharides and glycoproteins that constitute more than half the mass of primary cell walls. Present studies of primary cell walls still very much involve elucidating the primary structures of the component polysaccharides and glycoproteins. This paper summarizes the current knowledge of the structures of the primary cell wall polysaccharides that are being characterized in our laboratory. We also present here a summary of evidence we have obtained in support of the hypothesis that oligosaccharide fragments of cell wall polymers act as regulatory molecules. This evidence includes the observation that pure oligosaccharides can act as potent and specific regulators of gene expression. Oligosaccharides with regulatory activities are called oligosaccharins.
PRIMARY CELL WALLS
Virtually every cell of higher plants is encased in a cellulosic wall. The walls of growing plant cells are called primary cell walls. Primary cell walls are composed of approximately 90% complex carbohydrate and 10% protein in the form of glycoproteins (McNeil, Darvill, Fry & Albersheim, 1984) . In addition, there are other substituents such as methyl ethers and esters, and acetyl and feruolyl esters. Cellulose, a polymer of /3-4-linked-D-glucosyl residues, constitutes 20-30 %, and the hydroxyproline-rich glycoproteins constitute 10-20% of primary cell walls (McNeil et al. 1984) . The remaining polysaccharides of the cell wall are exceedingly complex molecules, none of whose structures has been completely defined. It is very likely that some primary cell wall polysaccharides have not been discovered. Recent research has shown that the structures of many cell wall polysaccharides are so complex that even the most sophisticated technologies available today may not be capable of completely delineating the primary structure of these polymers.
Cell walls often grow ten times their length after the final division of their progenitor meristematic cell, and some cells elongate more than 100-fold. As observed under the electron microscope, the walls of these longer cells appear no thinner than those of the progenitor cells, and there is no physical evidence to suggest that the walls of the larger cells are any weaker. Thus there is no obvious requirement for the average size of cell wall polymers to change significantly during cell enlargement. The most apparent requirement for growth that maintains the strength and thickness of the wall is synthesis of new polymers and the incorporation of these polymers into the wall (McNeil et al. 1984) .
The primary cell wall defines not only the rate of growth of plant cells, but also the size and shape. The wall that is laid down during cell growth has a great effect on the size and shape of the plant cells and, thus, on the whole plant. We recognize the tremendous diversity of species in the plant kingdom more by size and shape than by any other criteria. We can assume that constituents of the walls of the different plants must differ from species to species. The primary cell walls of all higher plants appear to contain the same general polysaccharides, sometimes in very different proportions. Furthermore, differences in fine structure do exist in the corresponding polymers of cell walls isolated from different sources.
We present the hypothesis that the complex carbohydrates of the walls of cells in the different organs and tissues of a single plant are also different. If this is true, then determining the structures of the primary cell walls of all the different types of plant cells will be an enormously difficult challenge, a challenge that is probably beyond our present capabilities. However, we believe that it will be possible to construct a general, consensus picture of primary cell walls without knowing the fine structural details of the walls of individual cells, although sufficient structural information is not available, at this time, to draw such a picture.
The walls of plant cells not only affect the size and shape of the cells that they surround, but also act as a barrier to the many different microbes to which plants are exposed (Bateman & Basham, 1976; Albersheim & Anderson-Prouty, 1975) .
Pathogens must penetrate the walls of their host, and, toward this end, pathogens secrete a complex mixture of cell-wall-degrading enzymes. Plants have within their walls proteins that can inhibit, specifically, the wall-degrading enzymes secreted by microbes (Albersheim & Anderson, 1971) . The walls of plant cells also contain enzymes that can degrade the walls of microbes (Cline & Albersheim, 1981a, b) . In some cases, enzymes from the walls of plant cells release, from the walls of microbes, molecules that activate a defence response in the plant (Ayers, Ebel, Valent & Alber sheim, 1981) . Thus, when plant cell walls are exposed to attack by microorganisms, it is apparent that there is considerable interaction between molecules of plant and microbe origin. These molecular interactions determine whether a plant can be suc cessfully invaded by a microorganism.
The walls of plants represent the bulk of all biomass. The primary cell walls of plants are a major source of dietary fibre and ultimately a source of food for humans and all animals. If we are going to understand the function of primary cell walls in human and animal diet, then we must understand the chemistry of primary cell walls.
Studies of the primary structures of the cell wall polymers have been partially successful and have led to a realization that these structures are far more complex than was dreamed of just a few years ago. This enormous structural complexity led to the postulation that cell wall polysaccharides have other functions besides determining plant size and morphology. One such function was suggested, some years ago, by the discovery that oligosaccharide fragments of branched /J-glucans of fungal cell walls can control gene expression in plant cells (Ayers etal. 1981) . In other words, complex carbohydrates can be regulatory molecules. This observation led to the insight that enzymically released fragments of the polysaccharides of primary cell walls of plants could evoke defence responses in plants and, subsequently, to the further realization that very specific fragments of plant cell wall polymers can control various physiologi cal responses of plants. These regulatory molecules are included in the class of biologically active oligosaccharides that are called oligosaccharins. Thus, defined fragments of plant cell wall polymers (oligosaccharins) have very specific regulatory functions when released from covalent attachment within cell walls. Evidence has been obtained that oligosaccharins can regulate in plants such functions as rate of cell growth, flowering, rooting, vegetative bud development, and activation of mechan isms for resistance to potential pathogens. These regulatory functions are discussed later in this paper. PARTIAL STRUCTURAL CHARACTERIZATION OF SOME CELL WALL
POLYSACCHARIDES

Xyloglucan
Xyloglucan is a hemicellulose present in the cell walls of both dicots and monocots, although in notably larger amounts in the cell walls of dicots (~ 20 %) and in notably smaller amounts in the cell walls of monocots (~ 2 %) (Darvill, McNeil, Albersheim & Delmer, 1980) . The structure of cell wall xyloglucan has been reviewed extensively (Darvill et al. 1980; McNeil, Darvill & Albersheim, 1979) and, basically, it consists of a backbone of /3-4-linked-D-glucosyl residues, with D-xylosyl side-chains a-linked to 0-6 of about three out of every four glucosyl residues. Certain xylosyl side-chains have extensions of D-Gal^-* or l-F u c^ 2-D-Gal^. at 0-2 of the xylosyl residues (Darvill et al. 1980; McNeil et al. 1979; Bauer, Talmadge, Keegstra & Albersheim, 1973) . Occasionally, arabinosyl residues are found linked to 0-2 of some of the xylosyl residues of some xyloglucans (Bauer et al. 1973; Eda & Kato, 1978; Mori, Eda & Kato, 1980; Ring & Selvendran, 1981; Eda et al. 1983) .
Considerable information has been obtained about the distribution of xyloglucans in the plant kingdom (Darvill et al. 1980) . Xyloglucan has been shown to be present in the cell walls of many different dicots, including sycamore (Bauer et al. 1973) , soybean (Hayashi, Kato & Matsuda, 1980) , mung bean (Kato & Matsuda, 1980a,b) , potato (Ring & Selvendran, 1981) , runner bean (O'Neill & Selvendran, 1983) and tobacco (Eda & Kato, 1978; Mori et al. 1980; Mori, Eda & Kato, 1979) ; and monocots, including rice (Shibuya & Misaki, 1978) , bamboo (Kato et al. 1982) , oats (Labavitch & Ray, 1978) and barley (Kato, Iki & Matsuda, 1981) . All of the xyloglucans are structurally very similar, but there are some differences in the sidechains. Terminal L-arabinosyl residues are a-linked to 0-2 of selected xylosyl residues in potato (Ring & Selvendran, 1981) and in tobacco (Eda & Kato, 1978) . Terminal galactosyl residues (i.e. galactosyl residues that have no fucosyl residues attached to them) are present in the xyloglucans of many cell walls (Darvill et al. 1980; McNeil etal. 1979; Kato & Matsuda, 1980a; O'Neill & Selvendran, 1983; Kato et al. 1983) .
Another structural feature of xyloglucans has recently been observed that indicates that this polysaccharide has greater structural complexity than originally detected. The xyloglucan in growing walls of pea-stem cells (Hayashi & MacLachlan, 1983 ) and in suspension-cultured bean cell walls (Wilder & Albersheim, 1973) has been shown to be composed of nonasaccharides and heptasaccharides with the same struc tures as the nona-and heptasaccharides isolated from the xyloglucans of sycamore cell walls and sycamore extracellular polysaccharides.
It has been only relatively recently that xyloglucans have been clearly shown to occur in monocot cell walls (Shibuya & Misaki, 1978; Kato, Ito, Iki & Matsuda, 1982a; Kato et al. 19826; Labavitch & Ray, 1978; Kato, Iki & Matsudo, 1981) . The glucosyl residues of the monocot xyloglucans have been shown to be substituted with xylosyl residues less frequently than are residues of the dicot xyloglucans (Wilder & Albersheim, 1973) . Monocot xyloglucans, like dicot xyloglucans, have been shown to possess galactosyl-containing side-chains (Shibuya & Misaki, 1978) ; the presence in monocot xyloglucans of fucosyl-containing side-chains has not been clearly established.
Rhamnogalacturonan I
Rhamnogalacturonan I, isolated from suspension-cultured sycamore cell walls, is a much-studied pectic polysaccharide (McNeil, Darvill & Albersheim, 1980 , 1982 . The degree of polymerization of rhamnogalacturonan I is about 2000, and it is composed of D-galactosyluronic acid, L-rhamnosyl, D-galactosyl, L-arabinosyl and small amounts of L-fucosyl residues. The backbone of rhamnogalacturonan I is com posed of alternating 2-linked L-rhamnosyl and 4-linked D-galactosyluronic acid residues (McNeil et al. 1980 (McNeil et al. , 1982 Lau, McNeil, Darvill & Albersheim, 1985) . The length of the polymer composed of these strictly alternating residues is not known, but it could contain as many as 300 L-rhamnosyl and 300 D-galactosyluronic acid residues. Approximately half of the 2-linked L-rhamnosyl residues are branched, containing glycosyl substituents at 0-4. The side-chains have an average length of about seven glycosyl residues (McNeil et al. 1980) . It has been demonstrated that seven different ly linked glycosyl residues are directly attached to 0-4 of the rhamnosyl residues (McNeil et al. 1982) . The presence of seven differently linked glycosyl residues as the first residues of the side-chains suggests that rhamnogalacturonan I possesses many different side-chains.
The large number of different side-chains has been confirmed by study of a mixture of the rhamnogalacturonan I side-chains attached to 0-4 of L-rhamnitol (backbone) residues that was prepared by treatment of rhamnogalacturonan I with lithium dissolved in ethylenediamine (Mort & Bauer, 1982 ) (J. Lau, A. Darvill. M. McNeil & P. Albersheim, unpublished results) . This treatment of rhamnogalac turonan I has been shown to cleave and degrade the a-4-linked D-galactosyluronic acid residues and to convert, into rhamnitol residues, the L-rhamnosyl residues released from 0-4 of the galactosyluronic acid residues. Preliminary analysis, by liquid chromatography fractionation and by fast-atom-bombardment mass spectrometry, of the resulting mixture of rhamnogalacturonan I side-chains attached to rhamnitol residues has shown the presence of at least 30 different side-chains (J. Lau, A. Dell, M. McNeil, A. Darvill & P. Albersheim, unpublished results). The side-chains, some of which have at least 15 glycosyl residues, are rich in L-arabinosyl and D-galactosyl residues.
It is not known whether rhamnogalacturonan I is a single polysaccharide with many different side-chains attached to a single backbone or a mixture of polysaccharides, each containing selected types of side-chains attached to a similar if not identical backbone. It is possible that different types of plant cells produce rhamnogalac turonan I with different arrays of side-chains. More effective fractionation techniques and the ability to analyse rhamnogalacturonan I purified from several different types of plant cells will assist in confirming one or another of these possibilities.
Cell walls other than those of suspension-cultured sycamore cells contain molecules very similar to rhamnogalacturonan I, although the polysaccharides have not been studied in detail (Darvill et al. 1980; Konno & Yamasaki, 1982; Eda & Kato, 1980; Ishii, 1981 Ishii, , 1982 Barrett & Northcote, 1965; Stoddart, Barrett & Northcote, 1967; De Vries et al. 1983; De Vries, Rombouts, Voragen & Pilnik, 1982; De Vries, Voragen, Rombouts & Pilnik, 1981) . Glycosyl-linkage analysis of a pectic poly saccharide isolated from the midrib of tobacco, which, like sycamore, is a dicot, showed the same types of glycosyl residues present in sycamore-cell-wall rhamno galacturonan I, although the ratios of the various components were, in some cases, different (Eda & Kato, 1980) . Similar results have been obtained when analysing pectic polysaccharides from potato, also a dicot (Ishii, 1981) , and from onion, a monocot (Ishii, 1982) . A molecule with glycosyl composition similar to that of rhamnogalacturonan I has been isolated from rice, another monocot (Shibuya & Iwasaki, 1978) . Taken as a whole, the results suggest that rhamnogalacturonan-I-like polysaccharides are present in most if not all higher plant cell walls, although the nature and quantity of the side-chains probably varys.
Rhamnogalacturonan II
Rhamnogalacturonan II (Darvill, McNeil & Albersheim, 1978) is structurally very different from rhamnogalacturonan I. Rhamnogalacturonan II is completely solubilized from suspension-cultured sycamore cell walls by the endo-a-(l->4)-polygalacturonase isolated from Colletotrichum lindemuthianum. Thus, it appears that rhamnogalacturonan II is covalently linked in the primary cell wall through a series of a-4-linked galactosyluronic acid residues, perhaps through homogalacturonans. Rhamnogalacturonan II consists of approximately 60 glycosyl residues, some of which are very unusual (Darvill et al. 1978) . These include 2-O-methylfucosyl, 2-O-methylxylosyl, apiosyl (a branched pentosyl residue), and 3-C-carboxy-5-L-xylosyl, the first branched-chain acidic glycosyl residue to be found in nature (Spellman, McNeil, Darvill & Albersheim, 1983a) . This new sugar was named aceric acid because it was discovered in suspension-cultured sycamore (Acer pseudoplatanus) cells. More recently, 3-deoxy-D-mawwo-octulosonic acid (KDO), a sugar commonly found in the core region of bacterial lipopolysaccharides and in some bacterial extracellular polysaccharides, but never before in higher plants, has been shown to be present in rhamnogalacturonan II. The KDO in this cell wall polysacch aride has a rhamnosyl residue glycosidically linked to it at 0-5 (W. York, A. Darvill, M. McNeil & P. Albersheim, unpublished data). In addition, rhamnogalacturonan II contains a high proportion of rhamnosyl residues, but, in contrast to rhamnogalac turonan I, in which the rhamnosyl residues are 2-and 2, 4-linked, the rhamnosyl residues of rhamnogalacturonan II are 3-, 3, 4-, 2, 3, 4-and terminally linked.
Recent studies of rhamnogalacturonan II (L. Melton, M. McNeil, A. Darvill, P. Albersheim & A. Dell, unpublished) have shown that it contains two structurally complex heptasaccharides. Glycosyl-linkage analysis of rhamnogalacturonan II sug gests the presence of four units of one of the heptasaccharides and two units of the other, which would account for 60 % of the glycosyl residues of rhamnogalacturonan II. Evidence has also been obtained that rhamnogalacturonan II contains an a-4-linked-D-octagalacturonide. The manner in which these hepta-and octasaccharides are arranged in rhamnogalacturonan II is yet to be ascertained.
Rhamnogalacturonan II has been tentatively identified in the cell walls isolated from pea, pinto bean and tomato seedlings (Darvill & Albersheim, 1984) . These identifications were based on the presence of the unusual glycosyl residues found in rhamnogalacturonan II. Using the same criteria, small amounts of rhamnogalac turonan II have been detected in the cell walls of suspension-cultured Douglas fir, a gymnosperm (J. Thomas, A. Darvill, M. McNeil & P.Albersheim, unpublished results) , and in the cell walls of oat, a monocot (Darvill et al. 1978) .
Plant cell wall polysaccharides 209 BIOLOGICAL ACTIVITIES OF FRAGMENTS OF PLANT CELL WALLS
Oligosaccharide fragments of plant cell wall polymers have been shown to have regulatory activities within plant tissues. Oligosaccharides with regulatory properties are called oligosaccharins. Investigating the regulatory effects of oligosaccharins is a relatively new area of research. Therefore, it is not known how many biological functions can be controlled by oligosaccharins. Several such regulatory molecules will be described in this section.
Cell wall fragments as elicitors of phytoalexins
The synthesis of phytoalexins (antibiotics) is considered a general defence mechan ism of plants (Darvill & Albersheim, 1984) . Fragments of homogalacturonan have been shown to induce plant tissue to synthesize phytoalexins. Molecules that induce the synthesis of phytoalexins, including structurally specific oligo-/J-glucosides from fungal cell walls (Darvill & Albersheim, 1984; Ayers, Ebel, Valent & Albersheim, 19766; Ayers et al. 1976a ) and homogalacturonan fragments from plant cells walls, are termed elicitors. Elicitors change the metabolism of receptive plant cells so that the mRNAs and enzymes responsible for phytoalexin synthesis are themselves synthesized de novo (Bailey, 1982) . Exactly how elicitors activate the expression of specific genes is not understood (Bailey, 1982) .
Homogalacturonan and other galactosyluronic acid-rich fragments have been shown to be endogenous elicitors of phytoalexins by two separate research groups working with two different plant systems. These elicitors are termed endogenous elicitors because they are not active constitutively, but instead have to be released from covalent attachment within the cell wall to be effective as elicitors. In one of these systems, based on a soybean cotyledon bioassay for elicitor activity, homogalacturonan fragments were produced from cell walls in two different ways (Nothnagel, McNeil, Albersheim & Dell, 1983; Hahn, Darvill & Albersheim, 1981; Davis, Lyon, Darvill & Albersheim, 1982) . The first method of preparation involved partial acid hydrolysis of soybean cell walls (Nothnagel et al. 1983; Hahn et al. 1981) . The resulting mixture of oligosaccharides was purified by ion-exchange and gel-filtration chromatography. The greatest elicitor activity was associated with the a-4-linked-D-dodecagalacturonide-containing fraction, although elicitor activity was observed in fractions containing oligogalacturonides from 10-13 residues long (Nothnagel et al. 1983) . Chemical analyses showed that the dodecagalacturonidecontaining fraction was composed of 99% galactosyluronic acid. Negative-ion fastatom-bombardment mass spectrometry exhibited a (M -H) ion at m /z 2129, which determined that the dominant oligosaccharide was composed of exactly 12 galac tosyluronic acid residues. n.m.r. showed that the anomeric linkages of the galactosyluronic acid residues were a, and glycosyl-linkage analysis showed that the galactosyluronic acid residues were 4-linked. The elicitor activity of the a-4-linked-D-dodecagalacturonide was lost by incubation with a pure endo-a-(l->4)-polygalacturonase, which established that contiguous a-4-linked-D-galactosyluronic acid residues are needed for elicitor activity. The same elicitor-active oligosaccharin was obtained after partial acid hydrolysis of citrus pectin (Nothnagel et al. 1983) .
A second elicitor of phytoalexins was identified and purified after incubation of various substrates with an endo-a-(l->4)-polygalacturonic-acid lyase (PGA-lyase) (Daviset al. 1982 ; K. Davis, A. Darvill & P. Albersheim, unpublished results). This enzyme cleaves unesterified regions of homogalacturonans by an elimination reaction yielding oligogalacturonans containing a 4,5-unsaturated non-reducing terminal dgalactosyluronic acid residue. The enzyme was purified to homogeneity from the bacterium Erwinia carotovora (Davis et al. 1982 ). The purified PGA-lyase elicits phytoalexins when applied to soybean cotyledons. Further, the enzyme produces elicitor-active galactosyluronic-acid-rich fragments (oligosaccharins) from soybean cell walls, polygalacturonic acid, and citrus pectin.
The most elicitor-active fragment produced by PGA-lyase treatment of polygalac turonic acid has been purified by ion-exchange and gel-filtration chromatography. This molecule was characterized by fast-atom-bombardment mass spectrometry and by other chemical methods and was shown to be an a-4-linked decagalacturonide with a 4,5 unsaturated non-reducing terminal residue (K. Davis, A. Darvill, A. Dell & P. Albersheim, unpublished results). This molecule exhibited half-maximal elicitor activity at approximately 2 //g/cotyledon.
West and co-workers (Bruce & West, 1982; Lee & West, 1981a,b) have purified an enzyme, from the fungal pathogen Rhizopus stolonifer, that elicits phytoalexins in its host, castor bean (Ricinus communis). They purified this enzyme to homogeneity and have shown it to be an endo-a-( 1 -» 4) -polygalacturonase. They used the pure enzyme to release oligogalacturonides from the cell-free particulate fraction (cell walls) of castor bean. They found that an a-4-linked tridecagalacturonide was the most active oligogalacturonide elicitor (oligosaccharin) in their system. The differences in the optimum size of the oligogalacturonides (10, 12 and 13 residues) in the different systems examined may reflect differences in the activities of oligogalacturonidedegrading enzymes in the plant tissues being elicited. The available evidence suggests that the release of endogenous oligogalacturonide-containing elicitors by microbes is a widespread, physiologically important defence mechanism for plants. Of interest in this area is that the endogenous oligogalacturonide elicitor and the fungal-derived hepta-/?-glucoside elicitor exhibit a pronounced synergism, that is, about 50-fold less hepta-/3-glucoside is required when the two elicitors are applied simultaneously to soybean cotyledons (Darvill & Albersheim, 1984) . A more detailed review of the significance of the endogenous elicitors has recently been published (Darvill & Alber sheim, 1984) .
Proteinase inhibitor inducing factor
Fragments of pectic polysaccharides have been shown to be effective in another process by which plants protect themselves from potential pathogenic microbes and from insects. Ryan and co-workers have shown that mechanical injury will induce the systemic synthesis in plants of large amounts of proteins that inhibit insect and microbial proteinases (Ryan, 1978; Green & Ryan, 1972) . Presumably, the proteinase inhibitors protect the plants by making them less digestible to invading insects and microbes. The signal by which tissues distant from the injury are induced to respond and synthesize proteinase inhibitors has been named PIIF (Proteinase Inhibitor Inducing Factor) (Green & Ryan, 1972) .
It has been found that fragments of pectic polysaccharides (oligosaccharins) have P IIF activity (Ryan et al. 1981; Bishop, Makus, Pearce & Ryan, 1981) . A highly purified preparation of the sycamore cell wall pectic polysaccharide rhamnogalacturonan I exhibited PIIF activity in tomato seedlings (Ryanei al. 1981 ). More recent studies by Ryan and co-workers have suggested that the PIIF-active substance ex tracted from wounded tomato leaves may be predominantly composed of a-4-linked galactosyluronic acid residues, although the most active fragments are considerably smaller that the phytoalexin-elicitor-active fragments (Bishop et al. 1981) .
Cell wall fragments that kill plant cells
Another cell wall fragment that may be involved in the process by which plants protect themselves from potential pathogens has been detected recently .This cell wall fragment causes death of plant cells. An apparent sacrifice of host cells, known as hypersensitive cell death, is an early reflection of a widely observed and very important defence response of plants against microbes (MacLean, Sargent, Tommerup & Ingram, 1974) . Hyper sensitive cell death somehow results in the slowing down of the invading organism's growth, providing time for other defence reactions of the plants to stop the attempted infection. Death-inducing cell wall fragments (oligosaccharins) were prepared by par tial acid hydrolysis of the purified primary walls of suspension-cultured sycamore (Yamazaki, Fry, Darvill & Albersheim, 1983 ) and maize cells (S. Doares, A. Darvill& P. Albersheim, unpublished results). Sub-lethal doses of the toxic fragments were assayed by their inhibitory effect on uptake and incorporation into protein of [14C]leucine by cultured sycamore and maize cells. The measure of protein synthesis was considered a measure of cell vitality (Yamazakiei < 2/. 1983). The cell wall fragments from both sycamore (a dicot) and maize (a monocot) actively inhibit protein synthesis in both sycamore and maize cells (S. Doares, A. Darvill & P. Albersheim, unpublished results).
The toxic fragments, which may be pectic in composition, might account for the well-known phytotoxicity of pectic enzymes (Bateman, 1976; Hislop, Keon & Fielding, 1979; Tribe, 1955) . This view is given circumstantial support by the finding that plasmolysis protects plant tissues from the toxicity of both pectic enzymes (Basham & Bateman, 1975; Takebe, Otsuki & Akio, 1968 ) and the fragments (Yamazaki et al. 1983 ). An interesting hypothesis would be that invading microbes cause hypersensitive death of plant cells by enzymically solubilizing toxic pectic fragments (oligosaccharins) from plant cell walls that surround the hypersensitive plant cells. Preliminary evidence suggests that the rice pathogen Pyricularia oryzae secretes heat-labile molecules (putative enzymes) that can release oligosaccharides from cell walls that can inhibit protein synthesis (S. Doares, A. Darvill & P. Alber sheim, unpublished results).
Inhibition of 2, 4-D-induced growth by a fragment isolated from xyloglucan
An oligosaccharin fragment of xyloglucan has been shown to inhibit auxin (2, 4-D)-induced pea epicotyl growth (York, Darvill & Albersheim, 1984) . The fragment was obtained from xyloglucan secreted by suspension-cultured sycamore cells by treat ment with endo-/3-(l-» 4)-glucanase. The resulting oligosaccharide products were separated by P-2 gel chromatography. Two major fractions were obtained: the first, rich in a nonasaccharide of known structure; and the second, rich in a heptasaccharide also of known structure (Bauer et al. 1973 ). The nonasaccharide fraction differs from the heptasaccharide fraction by possessing an L-fucosyl 1 2-D-galactosyl disac charide linked to 0-2 of a xylosyl side-chain of the heptasaccharide. The nona saccharide fraction, at a concentration of about 10~8 m, inhibits 70-90% of the 2,4-D-stimulated growth of pea epicotyls. The xyloglucan heptasaccharide fraction showed no significant inhibitory activity at similar concentrations. The inhibitory activity of the nonasaccharide fraction exhibited a sharp concentration optimum, ruling out the possibility that the nonasaccharide fraction was toxic to the pea tissue. The nonasaccharide fraction inhibited the 2,4-D-stimulated growth at a concentration that was approximately 1 % of the molar concentration of 2,4-d necessary for maximal promotion of elongation growth (York et al, 1984) .
Inhibition offlowering of Lemna gibba G3 (duckweed) by a plant cell wall fragment
The control of flowering in plants is a complex process that is controlled by many environmental factors including day length, plant maturity and stress. It has been suggested that, at the molecular level, both flower-promoting and flower-inhibiting factors participate in the control of flowering (Bernier, Kinet & Sachs, 1981) . None of these factors, however, has been identified. Partial acid hydrolysis releases, from the walls of suspension-cultured sycamore cells, a cell wall fragment (oligosaccharin) that inhibits the flowering of Lemna gibba G3 and stimulates the rate of growth of the vegetative fronds. This observation suggested that the fragments were not merely toxic, but were actually switching the destination of developing cells from flowering to vegetative. The identity of the flowering-inhibiting cell wall fragments has not been established, although evidence has been shown that the active fragments are pectic in nature (Gollin, Darvill & Albersheim, 1984) . It is not known whether these fragments will affect the flowering of other plant species. This work does indicate, however, that cell wall fragments should be given serious consideration as molecules that may play a role in the control of flowering.
The control of morphogenesis in the thin cell-layer explants of the flowering branches of tobacco
Acquiring the ability to regulate morphogenesis in plants has long been an elusive goal. Varying the pH of culture media and the ratios of growth regulators has yielded evidence that tissue cultures of some plant species can be influenced to form vegetative buds, roots or a combination of these in vitro. One such system, thin cell-layer explants of tobacco, has been established by Dr Kiem Tran Thanh Van and her research group at the Laboratory at Gif sur Yvette, France (Tran Thanh Van, 1981) . Over a 10-year period they have established the ability to control the morphogenesis of 1 mm X 10 mm cell-layer strips (the epidermis plus one layer of endodermis and about three layers of parenchyma) taken from the basipetal portions of the flower branches of tobacco. The morphogenesis of the system is controlled by the pH and auxin concentration of the liquid medium on which the explants are grown. The assay involves growing 20 explants for 20 days in a Petri dish. All of the explants in each dish can be induced to form callus, vegetative buds, roots or flowers.
In collaboration with the Gif sur Yvette group, we have been testing the effects of cell wall oligosaccharide fragments on the morphogenesis of the tobacco thin-celllayer explants. This system is ideal for examining the effect of oligosaccharide mix tures on the morphogenesis of plant tissues. The bioassay is sterile, and most or all of the cells of the explants are in contact with the incubation media and, therefore, with the exogeneously supplied oligosaccharides. We supplied the group in Gif sur Yvette with several mixtures of cell wall fragments. The two oligosaccharide mixtures that have been studied most thoroughly were produced by partial base solubilization of cell walls and by endopolygalacturonase solubilization of cell walls. These mixtures of cell wall fragments were obtained by treating purified cell walls isolated from suspension-cultured sycamore cells.
Explants grown under conditions that induce the formation of only flowers develop floral shoots and vegetative buds, instead, when base-solubilized fragments are added to the culture media. Adding base-solubilized fragments to explants that, in the absence of fragments, form only vegetative buds inhibited formation of vegetative buds and induced the formation of roots.
In similar experiments, adding endopolygalacturonase-solubilized wall fragments to explants that would form only flowers in the absence of added fragments inhibited flower formation and induced the explants to form vegetative buds. Adding endopolygalacturonase-solubilized cell wall fragments also induced formation of vegetative buds in explants that otherwise formed only callus. Adding endopolygalacturonase-solubilized fragments to explants that normally would form only vegetative buds, inhibited the formation of the vegetative buds and induced formation of flowers.
In these experiments, the mixtures of wall fragments were added at a concentration of 1 and, or lOjUg/ml. We estimate the concentration of active oligosaccharins in the fragment mixtures to be about 10_8m . This calculation matches the specific activity observed for other oligosaccharins (Darvill & Albersheim, 1984) . Also, like other oligosaccharins, the fragments exhibited activity over a rather narrow (one or two orders of magnitude) range of concentration; the morphogenetic effects disappeared when the concentration was too high or too low. It should be emphasized that adding cell wall fragments had no effect on the pH of the media in which the explants were incubated. Furthermore, the culture media contained 30 mg/ml of glucose, so the effect of the wall fragments is neither a non-specific carbohydrate effect nor an energy effect.
CONCLUSION
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